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Abstract 


'Supersonic  molecular  jet  laser  time  of  flight  mass  spectroscopy  (TCFMS) 
is  employed  to  determine  the  minimum  energy  conformation  of  the  allyl  group  with 
respect  to  the  benzene  r  ing  of  al  1  yl benzene,  1 -al  1  yl -2-met.hyl  benzene  and  1- 
al ly 1-8-methy lbenzene.  The  spectra  are  assigned  and  conformations  are  suggested 
with  the  aid  of  molecular  orbital  molecular  mechanics  (MOMM-85)  calculations. 
Based  on  the  experimental  and  theoretical  results,  the  minimum  energy  conformer 

L 

is  found  to  have  rj(Cortho-Cjp SQ-C^-C$)  =  ca.  90 a  (i.e.,  the  allyl  group  is 
essentially  perpendicular  to  the  plane  of  the  benzene  ring)  and  r2(cipso~Cri~C3~ 

C ^ )  ■  i  120a(i.e.,  the  olefin  C  =  C  bond  is  eclipsed  with  the  C^-H^  bond).  The 
TOFMS  of  allylbenzene  clustered  with  methane,  ethane,  water  and  ammonia  are  also 
presented.  A  Lennard-Jones  potential  energy  6-12-1  atom-atom  calculation  is 
used  to  characterize  the  structures  of  these  clusters.  Experiments  and 
calculations  demonstrate  that  the  four  different,  solvent  molecules  studied  can 
form  stable  clusters  with  allylbenzene  by  coordinating  to  the  ^-system  of  the 
allyl  substituent  in  addition  to  that  of  the  aromatic  ring. 
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Abstract 


Supersonic  molecular  jet  laser  time  of  flight  mass  spectroscopy  (TOFMS) 
is  employed  to  determine  the  minimum  energy  conformation  of  the  allyl  group  with 
respect  to  the  benzene  ring  of  al lylbenzene,  1-al 1 y 1 -2-methyl benzene  and  1- 
al lyl-3-methy lbenzene.  The  spectra  are  assigned  and  conformations  are  suggested 
with  the  aid  of  molecular  orbital  molecular  mechanics  (MOMM-85)  calculations. 
Based  on  the  experimental  and  theoretical  results,  the  minimum  energy  conformer 
is  found  to  have  ^ (Cortho-C j pso-Ca-Cj3)  =  ca.  90°  (i.e.,  the  allyl  group  is 
essentially  perpendicular  to  the  plane  of  the  benzene  ring)  and  tg^ipso 
C^J  =*  ±  1  20°  (i.e.,  the  olefin  C  =  C  bond  is  eclipsed  with  the  Ca~Ha  bond).  The 
TOFMS  of  allylbenzene  clustered  with  methane,  ethane,  water  and  ammonia  are  also 
presented.  A  Lennard -Jones  potential  energy  6-12-1  atom-atom  calculation  is 
used  to  characterize  the  structures  of  these  clusters.  Experiments  and 
calculations  demonstrate  that  the  four  different,  solvent  molecules  studied  can 
form  stable  clusters  with  allylbenzene  by  coordinating  to  the  x-system  of  the 
allyl  substituent  in  addition  to  that  of  the  aromatic  ring. 


I 


Supersonic  molecular  jet  laser  spectroscopy  has  recently  been  proven  to 
be  remarkably  capable  technique  for  the  observation  and  structural 
characterization  of  a  wide  variety  of  alkyl  and  heteroalkyl  substituted 
benzenes.*-6  For  example,  the  minimum  energy  conformations  of  various 
ethyl,*  propyl,8  butyl4  and  methoxybenzenes8,6  and  styrenes'7  nave  been 
observed  for  the  first  time  and  their  stable  conformations  have  been  experi¬ 
mentally  determined.  In  addition,  molecular  Jet  laser  spectroscopy  has  been 
able  to  characterize  potential  energy  barriers,  typically  for  aromatic 
methyl  rotors,  for  some  of  these  molecules  In  both  their  ground  and  excited 
states. 2,6,8 

In  this  paper,  we  focus  attention  on  the  effects  of  a  carbon-carbon 
double  bond  (an  additional  w-system)  Incorporated  onto  an  aromatic  ring  In 
terms  of  the  geometry  of  the  minimum  energy  conformatlon(s)  of  the  molecule 
and  on  the  geometry  of  various  van  der  Waals  clusters.  The  specific  systems 
studied  are  allylbenzene  (1),  the  allyltoluenes  (2  and  3),  and  the  van  der 
Waals  clusters  formed  between  allylbenzene  and  methane,  ethane,  water  and 
ammonia.  Even  though  the  allylbenzene  substructure  Is  found  In  numerous 
natural  products  and  has  value  In  organic  synthetic  manipulations.  Its 
conformational  properties  have  received  little  attention.^  Indeed,  there  Is 
a  dearth  of  both  experimental  and  theoretical  Information  regarding  the 
conformational  preferences  of  allylbenzene  and  Its  derivatives.- 


1,  R*  =  R1 2 3  »  H 

2,  R1  =  CH3,  R2  =  H 

3,  R1  *  H,  R2  *  CH3 


Spectroscopic  studies  of  these  systems  are  obtained  through  supersonic 
molecular  Jet  cooling  and  Isolation  of  the  various  species  In  the  gas  phase, 
and  one-  and  two-color  time  of  flight  mass  spectroscopy  (TOFMS)  detection. 

Mass  selected  excitation  spectra  of  Isolated  molecules  and  clusters  are  thus 
obtained.*®  In  order  to  determine  the  conformations  and  cluster  geometries 
associated  with  the  Individual  mass  selected  spectra  observed,  model  calcu- 
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latlons  of  the  Isolated  and  clustered  species  are  performed. 

Five  questions  are  addressed  In  this  work:  1)  can  the  stable  conforma¬ 
tions  be  Isolated  and  spectroscopically  observed  for  benzene  and  alkyl 
substituted  ally! benzenes?  2)  what  are  the  minimum  energy  conformations  of 
the  allyl  group  In  allylbenzenes?  3)  what  are  the  configurations  of  clusters 
of  allylbenzenes  with  small  solvent  molecules?  4)  does  solvation  Influence 
the  allylbenzene  molecular  geometry  significantly?  and  5)  does  the  ir-system 
of  th3  allyl  group  Influence  significantly  the  solvation  of  the  aromatic 
ring  In  substituted  benzenes? 

ii.  Experl mental  Procedures, 

The  supersonic  Jet  time  of  flight  mass  spectrometer  Is  as  described  pre- 
13 

vlously.  Expansion  Into  the  vacuum  chamber  Is  achieved  with  an  R.M.  Jordan 
pulsed  valve.  In  the  case  of  the  allylbenzene  van  der  Waals  clusters,  two-color 
photoionization  spectra  are  obtained  by  using  two  Quanta-Ray  Nd:YAG-pumped 
tunable  dye  lasers  to  generate  the  pump  and  Ionization  beams.  The  energy  of  the 
tunable  pump  beam  (0.5  to  i.O  mJ/pulse)  Is  typically  ~  37500  cm-*  while  that  of 
the  fixed  wavelength  Ionizing  beam  (1.0  to  2.0mJ/pulse)  Is  ~34000  cm-*.  Under 
these  experimental  conditions  no  one-color  spectra,  due  only  to  the  pump  beam, 
are  observed.  Complications  due  to  fragmentation  of  higher  order  clusters  are 
avoided  by  careful  control  of  the  allylbenzene  and  solvent  concentrations  so 
that.  In  general,  higher  order  clusters  are  not  oberved.  Moreover,  the 


-2- 


ionization  energy  is  determined  to  he  just  high  enough  to  >b<--  r  v  >■  sper  t  ,  but  not 
cause  extensive  fragmentation  into  lower  mass  channels  All  peaks  \  >■.  .  g;'^u 

spectrum  are  found  to  have  the  same  hacking  pressure  dependence 

Ground  state  potential  energy  profiles  for  the  a  1  I  y  1  benzenes  are  .|,t  i  :  ■  .  ■ « t 
using  Kao's  molecular  orbital  -molecular  mechanics  MOMM  -85  algorithm  *  •  i 

theoretical  approach  which  has  found  to  he  applicable  to  aromatic 
14  i 

mo  1  ecu ] es 

The  resolution  presently  tea  i  !  tble  to  us  (ca  0  1  cm  ')  a  not  s.(  f  f :  •  ieut 
to  determine  the  detailed  geometries  of  allylbenzene  clusters  from  rotational 
spectroscopy  Instead,  potential  energy  Lennard- Jones  (L.J)  atom-atom  ( R  -  1  2  - 1 ) 
calculations1'  are  used  in  this  endeavor  Thesp  calculations  are  similar  to 
others  used  in  the  past,  and  employ  the  same  set  of  LI  potential 
parameters.18,19  The  partial  electronic  charges  centered  on  each  atom  of  allyl¬ 
benzene  are  listed  in  Table  I  and  are  obtained  from  ab  initio  ST0-3G 
calculations. 

For  allylbenzene  clustered  to  methane  and  ethane,  the  use  of  partial 
charges  has  no  effect  on  the  calculated  cluster  geometry,  and  only  a  small 
effect  (-3  cm  ’)  on  the  calculated  cluster  binding  energies  The  partial 
charges  are  therefore  omitted  in  these  calculations 

Methane,  ethane,  water  and  ammonia  are  typically  mixed  with  the  expansion 
gas  at  a  concentration  of  2%  in  50-100  psig  of  helium. 

Allylbemene  (1)  and  1 -a  1  ly  1 -2 -me thy' lbenzene  (2)  are  purchased  from  Wiley 
Organics,  Inc  and  are  used  without  further  purification.  The  samples  are  all 
maintained  at  ca.  25°C  during  the  experiment. 

1 -AJ 1 y J -3-«ethyJbenzene  (3). 20  A  solution  of  m- 1 o 1 y 1 magnes i urn 
bromide,  prepared  from  3-bromoto 1 uene  (8  5  g,  49  7  mmol)  and  magnesium  turnings 
(2  41  g,  99  mmol)  in  ether  (20  mL).  was  added  at  room  temperature  to  a  mixture 
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of  filly!  isopropyl  suit  ; 1  i  e  <  l  9  g.  >44  nv. !  '■  •cl  \'.r5  ,  :Ph  ,prw_  .-n.  .  i  r  ■  1  - 

g,  0  92  mmol)  in  ether  (80  m!  •  The  :  e  i>- 1  ;  on  <n  i  xfure  *ms  h*«  i  ■  ••  1  . ••  1  '  :  > 

for  10  h.  cooled,  and  quenched  with  IN  hydrorh  I « *  r  1  c  1*  1  *  . 

separated,  filtered.  •  ?  r  1  ed  f  sodium  sulfite),  ‘.nil  ,  <>ncent :  »»•—•!  i’  i  ■'  ' 

mmHg)  The  1  -1 1  1  y  1  -3  -  me »  hy  !  be  n /ene  3)  w.is  t  hen  :  s»i  ited  ;>y  •! .  st  .  '  ;  .  •  •  1 

give  3  02  g  (SOM  bp  2  t  -2"  •'  ’  0  1"  nmHg):  !H  S’ MR  -mr.,  <  ■'  2  '  2  -  '  •  4 

(  d  2  H  .  J  -  8  7  H  /  )  "  1  *.  ‘  m  2  u  '  ",  3 S  -  fi  on  <  m  1  H  i  <'  '<  "  “  2  '  m  *  ; 

‘  V  NMR  ( C  D  C  !  3)  -5  2  1  3fi  in  2'1  1  4  8  3  *  2"  *>*  128  7S  128  31  ;  :  ■>  14  ;  3" 

!  3  7  95.  1  .3  9  9  8 

III.  Exper i menta 1  Resu 1 1  s 

A  Al lylbenzene  and  A  1 1 y 1  to  1 uenes 
The  time  of  flight  miss  spectrum  of  the  0®  bind  region  fur  ’he  -  s 
transition  of  jet-cooled  1 1  I y I  benzene  (I)  is  presented  in  figure  i  The 

spectrum  contains  one  origin,  located  at  37  i92  6  cm  1  This  single  origin 
indicates  that  only  one  energy  minimum  exists  for  the  orientation  of  the  allyl 
group  with  respect  to  the  ring  in  a  1 i y 1  benzene .  as  derined  in  4a  and  4b 


Plan*  of  urxnaoc 
nog 


4b 

Figure  2  is  the  T0FMS  of  jet-cooled  1 -a  1 1 y 1 -3-met hy  1  bpnzene  (3)  The 

spectrum  exhibits  what  are  assigned  as  two  separate  origins,  at  36959  2  and 

370669  cm"1,  belonging  to  different  conformers.  The  origin  at  369592  cm-1 

appears  weak  because  the  laser  output  at  this  wavelength  (LDS-698  doubled  mixed 

with  1  064  ,um )  is  quite  low  in  intensity  As  has  bpen  commonly  observed  for  1- 
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1C  :  »  -he  ally!  subs "  .  "  uer;  t  .  >  **ss*»rtt  m!  li  >r"hogonul  "o  "he  pi  me  f  ".he 
benzene  ring  lc  f  4!  This  :  s  ■  ■  t ;  r:  s  :  s  t  en  t  w  ;  f  h  "he  experimental  and  ret  i  cal 

findings  f  jr  for  other  a  1  ky ! - subs "  : "  ; " e  momatics  of  parti  1 1  structure 

i  o  ♦  *t  99 

ArTH,R  ‘  The  Newman  projections  for  the  conformist  ieru  1  profile  about 

:,!C..  -Ca-C3-CJ  represent  "he  other  mpor"  irt  ;onformat  i  on  i  nr:  ab!  -  for 
these  compounds  The  s'eric  energy  profile  for  rot  jt ion  about  '0  ;s  shown  in 
figure  4  As  can  be  seen,  "he  vinyl  C^-C,  pSO  eclipsed  5  ind  v.r.yl  C,,-Ha 
eclipsed  6  (=7)  conformations  are  predicted  to  be  "he  energy  minima  for 
lllylbenzene  Because  the  energy  difference  between  5  and  6  7  is  small  ' 

Real  mol),  certainly  within  the  error  range  of  the  MOMM  calculations,  we  cannot 
specify  which  of  these  is  the  global  energy  minimum  Much  more  refined 
calculations  would  be  required  before  one  could  confidently  predict  which  of  5-7 
is  the  most  stable  conformation  and  what  the  energy  difference  between  them  is 
For  example,  preliminary  5T0-3G  calculati  ms  on  the  geometries  of  the  MOMM- 
de rived  energy  minima  found  for  1  (i  e  ,  5a  vs  6a)  led  to  a  reversal  of  "heir 
potential  energies  (0  55  Real  mol  by  MOMM  -2  40  kcal  mo]  by  STO  ?G!  The 

important  conclusion  here  is  that  the  energy  minimum  is  a  vinyl  C  -X  *».- 1  ipsed 


-  r>  - 


5  f>  7 

?  ‘  .  Q  -  -  U 

«  o 

5  O*  ^  *  I  p-  =  u 

c  P  *  ^  K  s>  -  =  cp 

8  A J 1 y 1 benzene/Methane 

ynpys  i  r  illy)  ]  c  s  *’*•'*  r  ^  d  w  :  *  h  ' : n °  m 1  *  *■  h a .? ►»  ti  o  I  ^ c u  1  ^ 

'AB(CH  ',)  is  presented  :  a  figure  "  Three  r»I  it  ive'y  intense  fenfires  occur, 

it  37  n7  6.  37 1"0  3  and  3"  i  3  :m  '  red  shifted  from  the  origin  of 

a  1  ] y] benzene  by  43  0.  32.8  and  14  7  cm'*  The  first  two  shifts  are  similar  to 
those  observed  for  methane  clustered  to  other  substituted  benzenes  such  as 

1  O  _  1 

propy 1  benzene  For  this  latter  case,  shifts  of  -51  and  -26  cm  ‘  are  found  for 

methane  above  and  below  the  ring  of  the  anti  conformer 

r n  order  to  perform  the  usual  LJ  cluster  potential  energy  geometry  search 
calculations  for  f he  allylbenzene  solvent  clusters,  a  geometry  for  the 
ollylbenzene  portion  of  the  cluster  must  be  assumed  Conformer  6a  is  chosen  for 
the  allylbenzene  minimum  energy  conformer-  irguments  in  favor  of  this  choice 
are  presented  In  the  Discussion  Section  and  are  consistent  with  the  aforemen¬ 
tioned  spectra.  Potential  energy  calculations  for  ^BlCH^lj  yield  the  five 
cluster  geometries  illustrated  In  figure  6.  Cluster  binding  energies  are  also 
presented  in  this  figure.  For  only  two  of  these  geometries  is  the  methane 
molecule  coordinated  directly  to  the  aromatic  T-system  of  the  ring  These  two 
structures  are  analogous  to  those  observed  for  propy 1  benzene  (CH.),)  and 
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presumably  are  oespons  ;  b  1  -> 

for  * h 0  1  “  .  t 

1  ' bo  v p  *■ v' '■ 

«  ;  >0  j 

•  .  a 

the  ring)  red  shifted  feat  v 

“  s  •  n  f  ;  v.  • ;  -  c  ~ 

*  *  *  ‘  r>  •  ^ 

The1  remaining  'hrm  tmc*  :rns  in  f  igum  <?  " 

'-.ion  to  the  .t- system  >f  •  he  *. !  I  y  I  grmp  Such  re-:  J .  :■  :  *  •:  ■ 

* 

minimal  effect  on  the  energy  of  *  ):*■*  -  tr  tr.s  :  *■  .  r.  .-f  ’  ■  .  rg  -  i 

t  h  p  r  6*  f  o  r  6  t  ]  p  t!i  s  t  o  n*?  5  *■  *■*  p  y  *  ■*  *- 1  ■  •  ( ■* ». .  •  *  ^  ^  ->  j  *»  j  •  *  ^  '  I  •  i  s  * p  r  * 1  t  » ■*  *  j  ’  •*  ^  t  <  *■  1  ■  *  - 

responsible  for  'he  f»vru  *. "  ~~  "*  ~  :•.  figum 

C  A1 1  ylbenzene-'E  thane 

The  TOFMS  of  the  b«nzen» ’  "  -,HP  1 ,  van  !-r  W  >.  ;  1  s  1  ust-r  v'  mg  .or, 

is  presented  in  figure  ~  Th'1  -mst  er.se  feature  of  ‘h.s  sp»»i  'mm  oceans  it 
3"  189.8  cm-1  and  is  r°d  shif-'d  from  the  al  lyl  benzene  origin  by  only  23m' 
Some  of  the  other  features  present  :  n  f igure  7  occur  at  h?  j :  3  p  97452  c 
37499  1  and  37*512  1  cm''  with  .  or  respond .  ng  shifts  from  ‘.he  a!  ly  Iben/ene  origin 
of  -73  8,  -4  1. E.  3.5  and  198  cm'1 

LJ  potential  energy  calculations  of  a  1 1 y 1  benzene ( C0Hg ! ,  y.vid  nine 

1  ^ 

separate  cluster  geometries;  these  are  depie'ed  in  figure  3!  and  figure  8“  The 
first  four  of  these  are  th“  familiar  "perpendicular"  and  "parallel’ 
configurations  of  the  ethane  molecule  over  'he  benzene  ring,  and  have  been 
observed  for  ethane  coordinated  to  benzene-  and  propy 1  benzene  ‘  The 

"perpendicular"  and  "parallel"  configurations  of  the  benzene ! C? HR ' ,  cluster 
produce  red  shifts  of  the  6^  transition  of  372  and  308  cm'1,  respectively 
Thus  these  cluster  geometries  for  a! ly lbenzene(C?Hg)|  clusters  are  most  likely 
responsible  for  the  features  at  37418  8  3nd  37451  0  cm’1  (red  shifts  of  "33  and 
41  6  cm)  in  figure  7 

The  most  intense  features  of  the  spectrum  in  figure  7  lie  rpnte  close  co 

the  allylbenzene  origin.  Such  small  red  shifts  are  to  be  expected  for  clusters 

,  ,  1  a 

or  s o 1  •  ■  a t e d  1 ' 


in  which  the  aromatic  a-system  of  the  ring  is  not  coordinated 


The  features  1'  1-;or>4  '-J'V)  ;  >.r.d  """>'.2  1  t,  f igur-  '  -« 

likely  flue  to  the  coordin  !'  .  t.  of  the  e'h.me  .t  n  1  on:  1  -  *.  '  .'>•  ■  >.-••••*  '  • 1  - 

.i  1 1  y  1  subst i  tuent 

D  Allyl benzene /Water. 

Figure  9  depicts  'he  T''FV<>  'f  i !  1  y  1  hnn/Kp.M ;  h93  ' ,  :n  *  ':>•  :  °;j  •: 

allylbenz°ne  0°  inns:':  The  r  :  rst  four  intense  features  -f  •  h*  >;•••■  •  ;•  t 

occur  it  '  7  “  2  h  "  37';u  ;  -----  -  >r>iJ  r-?o  n  •  u  1  w;'h  ••:•••-;  ‘  c 

1 

shifts  relative  to  '  h e  *.  1  I  v  1  he r. z e no  1  ■  ;■  i  g i  n  of  9  J  7  S  .  3  !  : ;  ‘  no  i  - ^ 

L  J  potential  energy  .;.i !  ■  •:  i  %’  ions  reve-il  four  sepur.it  e  a  1 1  y  1  benzene  H.,91 , 

co.uf  igura  t  i  c.ns .  ns  shewn  in.  figure  10  Two  of  these  involve  the  coordinu !  in  of 

the  writer  molecule  tc  'he  ’.rcmi'ic  t-sys'em  above  and  below  'he  ring  t  'luster 

_  1  , 

of  similar  geometry  produces  an  81.9  cm  *  blue  shift  of  the  °0  t  runs i t ion  in 

benzene  13  The  feu'ures  in  figure  9  which  ire  blue  shifted  from  'he 

a]  ylbenzene  origin  by  8"  1  and  90  3  err.’1  are  therefore  most  likely  due  to  the 
cool  lination  of  the  water  molecule  to  the  n-system  of  the  ring  The  features 
which  are  blue-shifted  by  30  9  and  47  8  cm"1  are  presumably  due  to  coord  i  r.a  t  i  in 
of  'he  water  molecule  to  the  n-system  of  the  allyl  group 
E.  A1 lylbenzene/Aaaonia. 

The  T0FMS  of  the  0°  transition  of  al  ly lbenzene(NH^) j  is  prus°nted  in  figure 
11  Intense  features  occur  at  37490.6.  375427  and  375663  cm"'  shifted  by  - 

2  0.  -50  1  and  *73.7  cm-1,  respectively  from  the  origin  of  al  ly  Ibenz^r.e  L.J 
potential  energy  calculations  predict  the  existence  the  four  cluster  configur¬ 
ations  Illustrated  in  figure  12.  As  for  water,  two  of  these  clusters  involve 
coordination  of  the  ammonia  molecule  to  the  x-system  of  the  ring,  while  the 
other  two  involve  ammonia  coordination  to  the  ,t-  system  of  the  ally!  group  The 
T0FMS  of  ammonia  coordinated  to  benzene  is  complex  and  difficult  to  interpret.18 
but  an  assignment  of  those  data  has  been  presented  13  The  red-most  feature  in 
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►  i.p  rrip  y  <5  is  !00  cm  •  •  •  ;  energy  1  f  *  he  henz^r."  o'j  •  rails  i  ’  .  :r.  '  ’-h^-  1’’  • 

for  ammonia  coordinated  *  c  i  iky !  -  sobs  t  i  fa  fed  benzenes  ire  not  prefer  -  ; 

available. 

\n  .ammonia  m*'  •: !  -  -nerd  :  1  i  r-'  t  !y  'he  -  -sys*  -  m  ‘  •  h  • 

aromatic  ring  of  allylbenzene  wm: ;  a  up.  I  :kely  produce  only  a  2  t  ••-•.!  «}• .  f  • 


the  cl 

u  s  t  e  r  0  ^ 

tnns;‘: 

.>r.  9  i  ;y -u 

-. *  :  >n  of  or  :oord  ina*  i 

on  *.>■•  *  :ruT,  a*  . 

ring  - 

-system  * 

ypin'  iy 

;•  ;•  “s  'he  1 

urgest  cluster  (red  or 

blue;  s  h  .  f  *•  s  w  ~ 

assign 

the  features  in 

f ;  g: .  r  o  II  xh  :  1 

;  ire  blue  shifted  "0  I 

and  “h  7  m  ‘  f -os 

the  al 

y  1  benzer. 

e  origin 

*o  *  r  a  ns  1  *  .  ons 

belonging  to  .'lusters 

in  w  h  .  ■ . !  i  ’he 

immoni 

i  is  pus i 

t  i  o  n  c  d  •  1 

I  ;  e  •  *  1  V  n\-p  -  'I 

ie  ring  The  2  0  cm  * 1 

red  shifted  feature 

is  mos 

t  likely 

due  to  i 

c  !  us  t  **r  :  n  w  h  i 

eh  the  immoni a  mol  ecu  1 

e  is  directly 

coordinated  to 

1  h  e  i’’.y 

1  subs  -  i *  cent 

IV.  D 1 scuss ion 

A.  Allylbenzene  Conformation. 

In  previous  studies,  we  have  demons* rated  that  laser  j°t  spectroscopy  can 
be  employed  to  observe  stable  conformational  isomers,  even  if  the  energy 
barriers  for  conformational  interconversion  are  very  low1'6  In 
each  spectrum,  the  origin  transition  is  associated  with  a  specific  stable  ground 
state  conformation:  conversely,  each  stable  conformation  corresponding  to  a 
potential  energy  minimum  generates,  at  least  in  principle,  its  own  spectroscopic 
0^  transition.  Hence,  by  examining  the  spectra  of  specifically  substituted 
al 1 ylbenzenes,  one  can  in  principle  "count"  the  number  of  stable  ground  state 
conformations  and  ^hereby  establish  their  molecular  geometries  3~'  For 
a  I  I yl benzenes ,  this  may  lead  to  a  distinction  between  5  and  6  7.  or  the  possible 
presence  of  both  in  the  jet. 

As  shown  in  figure  4.  a  variety  of  siable  conformations  can  be  proposed 
for  1-3:  however,  only  conformations  for  which  the  ally]  substituent  is 
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P  SSP,".  *T  1  -1  1 


perpend  i  <.  1  a:' 


i .)  >he  plane  of  the  benzene  ring  ire  crs  i  iere  !  .  r 
this  discussion,  since  MOMM  i  1  on  1  i '  i  ms  indicate  -  ')0  'lur-'iv:  h 

orientations  are  found  experimental  !y  and  theoretical  ly  "a  he  'he  v.-.  r  r  < 

for  all  other  arylpr I  s  try  tlkyl  '  A  r  -  CH  2  -  F? )  compounds  'eg  *•  •  5iy  1  AT',' 
isohutyl .  neoper.ry!.  etc;1'3'1  22  The  MOMM  r-sul's  point  5  :nd  6  7 

stable  ground  s  *  a  t  e  -unf-irma'  i-.-iis 

Since  only  a  sir.gl1  .-.rig  in  transit  ion  is  observed  for  1.  ■■  .  '  b  • :  5a  6a 

but  not  both  conformat :  .ms  ah'  sin  for  allyibenzene  analogously  only  5  'he 

'mixture'  of  [d  and  7]  ~b'  tins  for  2  and  3  To  distinguish  between  -.hese 

possibilities,  we  have  at • 1 i/ed  these  isymmet r i cal  I y  substitu'ed  a  1 1 yl benzenes 

following  the  strategy  'ipluyed  previously  by  us  to  uncover  the  minimum  energy 

1  ~  6 

conformations  of  alkyl  md  me'b.nxy  substituted  benzenes 

Consider  1 -a  1 ly 1  -  2  -  me ' by  1  benzene  2  the  TOFMS  of  'his  compound  would 
contain  only  one  origin  transition  if  conformation  5b  were  the  energy 
minimum,  while  conformations  fib  and  7b  would  yield  two  distinct  origins  Since 
the  actual  TOFMS  of  1 -a  1 1 y 1 -2 -methyl benzene .  presented  in  figure  3,  contains  two 
origins,  at  37173  5  and  37250.8  cm”',  conformation  5c  is  ruled  out  Thus 
conformations  fic  and  7c  are  assigned  as  the  stable  conformations  of  2 

Similar  logic  obtains  for  1 -a 1 1 y 1 -3-me thy  1  benzene  (3)  As  shown  in 
figure  2  and  discussed  above,  two  origin  transitions  are  observed  and  assigned 
as  6c  and  7c.  Although  we  have  made  assignments  linking  specific  conformations 
with  Individual  transitions  for  other  systems,  as  in  the  case  of  the  anti  8  and 

O 

two  gauche  9a  and  9b  conformations  observed  for  propy lbenzene° .  we  cannot  at 
this  time  assign  the  individual  transitions  observed  for  2  and  3  to  specific 
conformations  6  or  7 
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8  ?>!  -  M  R*  =  ~H-! 

9b.  R1  =  R  2  -  H 

B  Allylbenzene  Clusters 

The  --system  of  "h*1  icubl-  bond  :  a  i 1 1 y ! benzen®  ran  -i  n  -  3  does  compeT 
effectively  with  the  *-sys '  e-r  if  * he  aromatic  ring  to  coordinate  incoming 
solvent  molecules.  Coord i ra *: on  with  •'his  nlefinio  r-sysfem  results  ir.  stable 
clusters  with  various  solvent  molecules  In  addition,  the  geometries  of 

clusters  in  which  the  solvent  molecule  is  coordinated  to  the  ring  are  influenced 
by  the  double  bond  of  the  allyl  group,  which  tends  to  pull  the  solvent  molecule 

to  the  allyl  side  of  the  ring.  Thus,  the  early  (and  perhaps  later)  stages  of 

nucleation  and  solvation  of  olefin-substituted  benzene  derivatives  may  well 
differ  substantially  from  those  of  alkane-substituted  benzene  derivatives. 

Allylbenzene  water  and  ammonia  clusters  for  which  the  solvent  is  coor¬ 
dinated  to  the  aromatic  ring  apparently  generate  blue  shifted  0° 
transitions  with  respect  to  the  allylbenzene  isolated  molecule.  This  excited 
state  reduced  binding  energy  is  probably  ralated  In  the  fact  that  ihese  solvent 
molecules  contain  lone  pairs  of  electrons  which  can  destabilize  the  a*  state  of 

the  ring  relative  to  the  ground  state  Very  similar  behavior  is  found  and 

characterized  for  other  aromatic  systems. 

Finally,  the  fact  that  the  coordination  of  solvent  molecules  to  the 

allyl  substituent  generally  has  only  minor  effects  on  the  energy  of  the  ring  t* 

-  t  transition  indicates  that  the  two  c-electronic  systems  are  indeed  reasonably 
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i so  la  ted  from  each  other 


V.  Conclusions. 

We  have  observed  spe<  '  n  of  the  iso  1  1  r « ' !  a  1  ly  !  M-nz 1  3  ■ 

benzene  itself  snlvateii  by  various  small  molecules  !-rH,  Ml-  51 ,  ' '  '■  :  ' 

on  both  spectroscopic  and  ►heor°t  •••  •  1  results  ‘he  •'round  s‘ate  "n<*-jy  m  :  •  -  ? 

geometry  of  isolated  illy ! benzene  is  determined  to  be  6a  {=  In)  For  2 

conformations  5a  and  6b  are  f  )i;r.d  ‘o  be  -be  gr-uir.d  s‘a‘e  -n^rgy  m  i :: :  m  : 

Similarly,  for  3,  conform. ior.s  5c  md  6c  are  the  ground  state  energy  r.  :  n :  r  a 
Allylbenzene  clusters  appear  ‘a  have  two  v^ry  distinct  types  of  spectra:  ‘hose 
well  shifted  (red  or  blue)  from  ‘he  comparable  allylbenzene  feature  and  those 
relatively  near  the  comparable  allylbenzene  feature  The  former  spectra  we  have 
associated  with  clusters  in  which  ‘he  solvent  js  directly  coordinated  to  the 
aromatic  ring  and  the  latter  spectra  we  have  associated  with  clusters  in  which 
the  solvent  is  coordinated  to  the  allyl  group  a-system.  well  removed  from  the 


ring  and  the  -  a  transition.  Solvation  does  not  appear  to  disrupt  in  any  way 
the  conformation  of  the  isolated  allylbenzene  molecule,  as  the  spectral  shifts 
characterized  for  the  clusters  arc  all  relatively  small  and  well  wi‘.hin  the 
range  found  for  other  simple  aromatic  systems.  And  finally,  since  much  of  the 
cluster  spectroscopic  Intensity  seems  to  be  found  in  features  associated  with 
allyl  group  direct  solvation  (origin  features  with  small  cluster  shifts),  we 
suggest  that  the  allyl  Jt-system  has  a  significant  influence  upon  how  allyl¬ 
benzene  interacts  with  and  is  solvated  by  small  solvent  molecules 
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a  Fro*  ST0-3G  calculations  using  the  MOMM-85  derived  energy  minimum 


-  Other  attached  atoms,  not  shown  in  diagram,  are  2-12,  3-13,  4- 
14,  3-15,  and  6-16. 


Figure  1  One-color  TOFMS  of  the  0°  region  S,  -  Q  r  w  ,et -coo !  ed 

benzene  The  single  intense  feature  is  ass  igned  is  fhe  or  ig:  n 
•and  occurs  at  0“  s<*2  0  «.  m  “  *  The  weak  f^a^ures  to  h:gh«r  energy 
of  the  origin  are  presumed  to  be  due  fo  toisional  notion  of  the 
allyl  group  The  solitary  origin  demonstrates  that  only  one 
molecular  cor.  for  mat  i  on  exists  as  an  energy  minimum  for  this 
mo  1  ecu  le 

Figure  2  One-color  TOFMS  of  the  0°  region  of  Sj  -  S0  for  jet-cooled  1- 
al lyl -3-methyl  benzene  The  spectrum  contains  two  origins,  at 
36959.2  and  37066  9  cm"1  The  origins  appear  as  doublets  due  to 
transitions  between  internal  rotational  states  of  the  ring  methyl 
group 

Figure  3  One-color  TOFMS  of  the  0°  region  of  $1  ►  SQ  for  jet-cooled  1- 
al iyI-2-«ethylbenzenc.  The  spectrum  contains  two  intense  features 
at  37179.5  and  37250.8  cm''  which  are  assigned  as  origins.  The 
presence  of  two  origins  eliminates  the  conformation  5  as  the  correct 
geometry  of  the  energy  minimum. 

Figure  4  MOMM-derived  steric  energy  profile  for  allylbenzene  for  rotation 

2' 


about  r 


Figure  5 


Two-color  TCFMS  of  the  0IJ  ri,Jion  of  5,  -  f >r  ^  1  '-•! 

0  i 

a  1  ly lbenzpi'.e' CH_j ) |  The  three  ; nter.se  peaks  mo:;.-  i*  ; '  '  1  m.d 
1”  cm  1  to  lower  °  no  rgy  of  the  a  1  ’  y  1  be  n  z  or  :  g  .  u  i  ”  1  •  •  ••  e 

to  three  different  cluster  configurations 

Figure  6  Minimum  energy  luster  configurations  and  binding  -".erg , e  s  for 

a  1  1  y  1  benzene' PH , ) .  obtained  from  the  Leonard  -  lores  potential 
energy  calculation 

Figure  7  Two-color  TOFMS  of  the  0°  region  of  Sj  -  <'0  for  jet-cooled 

al  ly  lbenzene^Hg)  j  The  intense  features  centered  around  37500 
cm-1  are  within  20  cm-1  of  the  allylbenzene  origin  and  are  due  to 
clustering  of  the  ethane  molecule  on  the  allyl  substituent. 

Figure  8  Minimum  energy  configurations  and  binding  energies  for 

a  1  1  y  1  benz  ene  ( C2  Hg )  j  obtained  from  L.J  potential  calculations  (A) 
Complexation  of  ethane  with  aromatic  T-system.  (B)  Complexation  of 
ethane  with  olefin  x-system. 

Figure  9  Two-color  TOFMS  of  the  0°  region  of  Sj  -  SQ  for  jet-cooled 

allylbenzene(H20)1.  The  spectrum  contains  four  intense  features 
at  37523  5.  37540  4.  37577.7  and  37582  9  cm  ^  corresponding  to 
four  different  cluster  configurations. 

Figure  10  Minimum  energy  configurations  and  binding  energy  for 
allylbenzenetHgOlj  obtained  from  IJ  potential  calculations 


Figure  11  Two-color  TOFHS  of  the  n'^  region  of  ^ 

al  lylbenzeneiS'H-j ).  '‘(ip  intense  f  ei r  ■; -^s 

3T566  3  "n  ^  or*3  due  to  <11  fferent  .  !  :sf-’r 

Figure  12  Minim;-!)  »n**r»y  ••  •■>  r.  f  :  g<  -  r  it  ions  i  r.  <1  1) 

allylben^ene(NH^),  jo'  i : r.ed  f  run  L  '■  p < < 1  •=* "  " 


TOFMS  of  allylbenzene 


Figure  1 


Figure  2 
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